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Abstract 

Electrolytes  are  crucial  to  the  safety  and  long  life  of  Li-ion  batteries,  however,  the  understanding  of  their  degradation  mechanisms  is  still 
sketchy.  Here  we  report  on  the  nature  and  formation  of  organic/inorganic  degradation  products  generated  at  low  potential  in  a  lithium-based 
cell  using  cyclic  and  linear  carbonate-based  electrolyte  mixtures.  The  global  formation  mechanism  of  ethylene  oxide  oligomers  produced  from 
EC/DMC  (1/1  w/w)-LiPF6  salt  (1 M)  electrolyte  decomposition  is  proposed  then  mimicked  via  chemical  tests.  Each  intermediary  product  struc¬ 
ture/formula/composition  is  identified  by  means  of  combined  NMR,  FTIR  and  high  resolution  mass  spectrometry  (ESI-HRMS)  analysis.  The  key 
role  played  by  lithium  methoxide  as  initiator  of  the  electrolyte  degradation  is  evidenced,  but  more  importantly  we  isolated  for  the  first  time  lithium 
methyl  carbonate  as  a  side  product  of  the  ethylene  oxide  oligomers  chemical  formation.  The  same  degradation  mechanism  was  found  to  hold  on 
for  another  cyclic  and  linear  carbonate-based  electrolyte  such  as  EC/DEC  (1/1  w/w)-LiPF6  salt  (1  M).  Such  findings  have  important  implications 
in  the  choice  of  chemical  additives  for  developing  highly  performing  electrolytes. 

©  2007  Elsevier  B.Y.  All  rights  reserved. 
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1.  Introduction 

The  Li-ion  battery  technology,  which  is  considered  as  the 
“lead-acid  technology”  of  the  21st  century,  has  conquered  the 
portable  electronics  market,  and  is  on  the  verge  of  entering  the 
automotive  industry.  For  the  latter  application  it  is  imperative  to 
enhance  its  energy  and  power  density  and  lower  its  cost  without 
comprising  safety  or  calendar  life.  Undoubtedly,  the  future  of  Li- 
ion  technology  will  rely  on  a  sound  understanding  of  electrolyte 
components  as  we  move  to  the  next  generation  of  either  positive 
electrodes  based  on  higher  voltages  (5  V)  insertion  materials  or 
negative  non-insertion  electrodes  (e.g.,  Li-alloying  or  conver¬ 
sion  reactions)  making  use  of  nanomaterials.  Novel  strategies  to 
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harmoniously  couple  the  next  generation  of  cathodes  or  anodes 
with  today’s  electrolytes  will  have  to  be  found.  Conducting  such 
a  research  requires  to  secure/adjust  past  beliefs  regarding  the 
basic  understanding  of  electrode/electrolyte  interfaces,  and  also 
to  set  new  experimental  protocols  to  better  analyze  the  elec¬ 
trolyte  degradation  products  in  either  a  passive  (in  situ)  or  active 
way  (post-mortem). 

Owing  to  their  combined  properties  of  ion  solvation,  electro¬ 
chemical  stability  and  their  ability  to  form  stable  and  protective 
layers,  alkyl  carbonate-based  electrolyte  solutions  are  used  in 
most  of  today’s  commercial  Li-ion  cells.  These  electrolytes  are 
usually  composed  of  both  linear  carbonate-like  dimethyl  carbon¬ 
ate  (DMC),  diethyl  carbonate  (DEC)  or  ethyl  methyl  carbonate 
(EMC),  and  cyclic  carbonate-like  ethylene  carbonate  (EC)  or 
propylene  carbonate  (PC)  to  combine  different  properties  like 
viscosity  and  conductivity.  These  carbonates  can  trigger  elec¬ 
trochemical  and  chemical  reactions  to  form  a  passivating  layer 
commonly  named  SEI  [1]  favourable  to  the  well  functioning  of 
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Fig.  1 .  Capacity  retention  of  a  treated  stainless  steel/Li  cells  plotted  as  a  function 
of  the  cycles  number.  The  three  circles  correspond  to  the  total  accumulated  dis¬ 
charge  capacity  of  cells  whose  separator  electrolyte  degradation  products  have 
been  analyzed  by  ESI-HRMS.  Inset  1:  SEM  micrograph  of  a  Cr-based  con¬ 
version  active  material/electrolyte  interface  showing  degradation  product  layer 
surrounding  nanomaterials  composite  at  the  discharged  state  (metallic  nanoparti¬ 
cles  embedded  in  L^O  matrix).  Inset  2:  Charge/discharge  voltage-capacity  trace 
for  a  SUS316L  stainless  steel  disc  treated  at  700  °C  under  H2/N2  for  16h/Li° 
cell. 


tion  processes  and  shedding  new  light  on  the  reacting  paths  by 
which  they  occur.  To  carry  out  such  a  study,  thorough  analytical 
post-mortem  studies  of  degradation  products,  recovered  at  the 
working  electrode/electrolyte  interfaces  or  within  the  separator 
of  cycled  “lithium/conversion  electrodes”  half-cells  were  used. 
Chromium-based  oxide  (named  CBO)  grown  on  stainless  steel 
mesh  tissues  [4]  was  chosen  as  our  conversion  electrode  material 
due  to  its  large  sustainable  reversible  capacity  (Fig.  1),  but  more 
importantly  for  its  low  functioning  voltage  vs.  Li°/Li+  (inset  1; 
Fig.  1)  in  order  to  generate  copious  amounts  of  electrolyte  degra¬ 
dation  products  upon  cycling  as  shown  (inset  2;  Fig.  1).  For  the 
electrolyte  we  mainly  selected  an  EC/DMC  (1/1  w/w)-LiPF6 
salt  (1M)  mixture  because  it  is  one  of  the  most  commonly  used 
worldwide  in  laboratory  test  cells;  and  surprisingly  it  is  one  for 
which  degradation  reactions  mechanisms  were,  to  our  knowl¬ 
edge,  never  clearly  sorted  out,  although  pieces  and  parts  of  the 
reacting  degradation  puzzle  have  been  reported  in  the  literature 
[5-1 8] .  For  instance,  it  is  well  known  that,  according  to  the  pub¬ 
lished  reaction  schemes  listed  below,  electrochemical  reduction 
mechanisms  of  EC  and  DMC  lead  to  inorganic  lithium  salts  for¬ 
mation  such  as  lithium  carbonate,  lithium  methoxide  and  lithium 
methyl  carbonate. 


the  carbon-based  negative  electrodes  in  today’s  Li-ion  batteries. 
Although  limited,  such  electrolytes  are  not  free  of  side-reactions, 
whose  basic  understanding  is  still  very  sketchy  despite  a  large 
number  of  studies.  Research  on  this  topic  is  complex  and  is  ren¬ 
dered  somewhat  difficult  as  the  SEI  formation  usually  involves 
very  small  amount  of  material. 

With  the  advent  of  nanomaterial-based  negative  electrodes 
based  on  either  Li-alloying  or  conversion  reactions,  which  are 


O 

a 

vu 

EC 


2  e-  2  Li+ 


Li"?"!-1 

bX6 

U2CO3 


e-  Li+ 


Li 

q_ 


ch3 

a 


O' 


o 

J.  * 


CH30U 


e-  Li+ 


CH3OU 


ch3 


CO  +  CH3OU 


usually  characterized  by  impressive  capacity  gains  over  clas¬ 
sical  carbonaceous  electrodes,  such  a  situation  has  drastically 
changed  as  these  nanocomposite  electrodes  were  shown  to 
strongly  enhance  classical  electrolyte  degradation  resulting  in 
the  formation  of  large  amounts  of  inorganic  and  organic  com¬ 
pounds  [2,3].  While  such  degradation  products  can  turn  out  to  be 
detrimental  to  both  the  battery  safety  and  calendar  life,  they  offer 
unprecedented  opportunities  to  revisit  the  electrolyte  decompo¬ 
sition  mechanisms.  We  decided  to  seize  this  opportunity  in  the 
dual  hope  of  lowering  nanomaterial-driven  electrolyte  degrada- 


Nevertheless  this  aforementioned  view  does  not  take  into 
account  the  overall  reported  spectrum  of  decompositions  prod¬ 
ucts  with  namely  the  presence  of  oxy-ethylene  unit-based 
polymers  spotted  by  other  groups  through  gas  chromatogra¬ 
phy/low  resolution  mass  spectrometry  [17]  or  XPS  [19,20] 
with  the  first  truly  identified  member  being  the  dimethyl  2,5- 
dioxahexane  dicarboxylate  (DMDOHC)  compound.  Therefore, 
the  chemical  formation  mechanism  of  such  an  entity  remains 
quite  controversial  and  subject  to  debate.  For  instance,  Yamachi 
and  co-workers  suggested  a  trans-esterification  mechanism  from 
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EC  and  DMC  [15]  (as  shown  below)  while  Ogumi  and  co¬ 
workers  proposed  an  EC  attack  by  a  methoxide  anion  [17]. 
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As  far  as  the  polymers  are  concerned,  Sloop  et  al.  [21]  pro¬ 
posed,  according  to  the  reaction  below,  an  acid-catalyzed  EC 
ring-opening  reaction  to  account  for  their  formation. 

,pp5 
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More  recently,  by  performing  post-mortem  analyses  on  a  sep¬ 
arator  recovered  from  a  long-term  cycled  (200  cycles)  Li/CBO, 
our  group  provided  direct  experimental  evidence,  by  means  of 
infrared  and  high  resolution  mass  spectrometry  (ESI-HRMS) 
techniques,  for  the  simultaneous  presence  of  lithium  methyl  car¬ 
bonate  and  of  some  ethylene  oxide  oligomers  (n<  10)  having 
various  end  groups  (hydroxy,  methoxy,  carbonate  and  phos¬ 
phate)  as  part  of  the  electrolyte  degradation  products.  To  make 
further  progress,  as  reported  in  this  publication,  we  propose 
an  experimentally  supported  chemical/electrochemical  reaction 
pathway  mechanism  capable  of  reconciling  all  the  established 
experimental  facts,  namely  the  formation  of  the  oligomers  in 
conjunction  with  lithium  inorganic  salts.  A  specific  feature  of 
the  present  paper  is  that  each  proposed  mechanism  process  is 
mimicked  by  chemical  tests  with  the  end  products  identified 
either  by  high  resolution  mass  spectrometry,  IR  or  NMR  analy¬ 
ses.  Among  others,  the  paper  highlights  (i)  how  the  formation  of 
these  oligomers  could  be  responsible  for  the  subsequent  precip¬ 
itation  of  inorganic  salts  such  as  lithium  methyl  carbonate  and 
(ii)  how  the  proposed  degradation  mechanism  could  be  general¬ 
ized  to  mixture  of  cyclic  and  linear  carbonate-based  electrolytes 
by  studying  EC/DEC  (1/1  w/w)-LiPF6  salt  (1  M)-based  cycled 
cells. 


Y 

O 


2.  Experimental 

2.7.  Cells  assembly 

Coin  cells  (standard  2035-size)  were  assembled  in  an  argon- 
filled  dry  glove  box  (Fig.  2).  The  working  electrode  consists 
of  one  2  cm2  SUS316L-type  stainless  steel  disc  treated  at 
700  °C  under  H2/N2  atmosphere  during  16  h  to  favour  the 
growth  of  a  300-500  nm  chromium  oxide  layer  at  its  surface. 
It  is  separated  from  a  lithium  foil  piece  used  as  the  nega¬ 
tive  electrode  by  a  borosilicate  micro-fiber  (Millipore)  film 
impregnated  with  0.5  ml  of  electrolyte  solution  (battery  grade 
quality).  Once  assembled,  coin  cells  were  placed  into  an  oven  at 
55  °C  and  cycled  between  0.02  and  3  V  in  galvanostatic  mode 
(0.15  mA  cm-2)  using  a  Mac  Pile  (Biologic,  Claix,  France)  sys¬ 
tem.  The  cells  were  stopped  at  the  end  of  a  charge  state  (3  V)  once 
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Fig.  2.  Cross-sectional  view  of  a  “treated  stainless  steel/lithium  foil”  coin  cell. 


an  accumulated  discharge  capacity  of  55,  140  or  250  mAh  was 
reached  (Fig.  1).  The  cell  was  then  put  back  into  the  glove  box  to 
be  carefully  opened.  The  separator  was  recovered,  washed  with 
acetonitrile  (clOppm  water)  and  the  supernatant  was  analyzed 
by  high  resolution  mass  spectrometry.  Chemical  experiments 
have  been  performed  in  glass  test  tubes  under  argon  at  55  °C. 
After  being  subjected  to  different  storage  times,  the  solution 
was  diluted  in  acetonitrile  and  analyzed  by  ESI-HRMS,  and 
insoluble  products  were  analyzed  by  IR  and  NMR  spectroscopy. 

LP30  battery  grade,  EC  and  DEC  “selectipur”  were  pur¬ 
chased  from  Merk.  Lithium  hexafluorophosphate  battery  grade 
and  lithium  methoxide  were  purchased  from  Sigma- Aldrich. 

2.2.  ESI-HRMS  measurements 

ESI-HRMS  experiments  were  performed  in  the  positive 
ion  mode  on  a  Q-TOF  Ultima  Global  instrument  (Waters- 
Micromass,  Manchester,  UK)  equipped  with  a  pneumatically 
assisted  electrospray  ion  source  (Z-spray)  and  an  additional 
sprayer  for  the  reference  compound  (LockSpray).  The  prepared 
solutions  were  directly  introduced  (5  pUmin-1)  via  an  inte¬ 
grated  syringe  pump  in  the  electrospray  source.  The  source  and 
desolvation  temperatures  were  kept  at  80  and  150  °C,  respec¬ 
tively.  Nitrogen  was  used  as  a  drying  and  nebulizing  gas  at  flow 
rates  of  350  and  50  L  h- 1 ,  respectively.  The  capillary  voltage  was 
2.5  kV,  the  cone  voltage  100  V,  and  the  rf  lens  1  energy  60  V.  Cali¬ 
bration  of  the  instrument  was  performed  using  the  ions  produced 
by  a  phosphoric  acid  solution  (0.2%  in  H2O/CH3CN  50/50  v/v). 
For  accurate  mass  measurements  a  lock  mass  correction,  using 
appropriate  cluster  ions  of  phosphoric  acid  [(H3PC>4)W  +  H]+, 
was  applied.  The  mass  range  was  50-1000  Da  and  spectra  were 
recorded  at  1  sscan-1  in  the  profile  mode  at  a  resolution  of 
10,000  full  width  at  half-maximum  (FWMH).  Data  acquisition 
and  processing  were  performed  with  MassLynx  v  4.0  software. 

2.3.  FTIR/ATR  measurement 

Infrared  spectra  were  recorded  on  a  Nicolet  Fourier  transform 
infrared  510  spectrometer  working  in  the  40,000-400  cm-1 
spectra  range,  equipped  with  attenuated  total  reflectance  tech¬ 
nique  (ATR)  and  a  Ge  crystal  working  in  the  4000-700  cm-1 
spectra  range  (resolution:  4  cm-1). 
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Table  1 

Degradation  products  with  PEG  chains  recovered  from  the  cell  separator  after 
cycling  at  55  °C  up  to  a  total  accumulated  discharge  capacity  of  250  mAh 


0-R2 

Rt 

-C02Me 

-Me 

-H 

-C02Me 

Series  \n 

Series  2n 

Series  4n 

-Me 

Series  2n 

Series  3n 

Series  5n 

-H 

Series  4n 

Series  5n 

Series  6n 

2.4.  NMR  measurement 

The  NMR  analyses  were  conducted  on  a  BRUKER  AVANCE 
300  MHz  spectrometer  having  quadruple  probe  and  z-gradient 
spectrometer.  Samples  were  prepared  after  compound  disso¬ 
lution  in  D2O  (99%  Merck  reagents  industry).  NMR  spectra 
were  recorded  by  tuning  eight  scans  acquisition  for  the  lK 
acquisition  parameters.  Spectra  were  recorded  using  D2O  as 
an  internal  standard.  Data  fittings  were  performed  with  X-Win- 
NMR- software. 

3.  Results  and  discussion 

Let  us  first  recall,  in  order  to  make  what  comes  next  in  this 
paper  more  understandable,  what  has  been  clearly  established 
in  our  earlier  post-mortem  identification  of  the  inorganic  and 
organic  decomposition  products  recovered  from  a  chromium 
oxide-based  conversion  material/lithium  cell  using  EC/DMC 
(1/1  w/w)-LiPF6  salt  (1M)  electrolyte,  cycled  at  55  °C  then 
stopped  once  an  accumulated  discharge  capacity  250  mAh  was 
reached  [2,22].  Among  the  main  finding  was  the  presence  at  the 
working  electrode  material  surface,  as  deduced  by  transmission 
electron  microscopy,  of  a  solid  layer  surrounded  by  a  jelly-like 
film  (inset  Fig.  1)  with  (1)  the  solid  layer  consisting  of  numerous 
inorganic  compounds  such  as  lithium  carbonate,  lithium  methyl 
carbonate,  and  lithium  fluoride  and  (2)  the  jelly-like  film  mainly 
composed  of  ethylene  oxide-based  oligomers  (n<  10).  The  lat¬ 
ter,  have  identical  PEOs  units,  differentiated  solely  by  the  nature 
of  the  termination  groups  leading  to  various  ln,  2W,  3n,  4W,  5n  and 
6n  series  (see  Table  1)  having  carbonate/carbonate  (series  lw), 
carbonate/methoxy  (series  2W),  methoxy/methoxy  (series  3n), 
carbonate/hydroxy  (series  4W),  methoxy /hydroxy  (series  5W),  and 


hydroxyl/hydroxyl  (series  6n)  R2/R1  ending  groups  (see  below), 
respectively. 


n 


It  is  worth  mentioning  that  the  DMDOHC  compound  cor¬ 
responding  to  the  first  member  of  the  \n  series  reported  in  the 
literature  [17],  has  not  been  detected  under  our  extreme  cycling 
conditions  (800  cycles  at  55  °C).  At  this  juncture  it  is  impor¬ 
tant  to  realize  that  this  absent  compound  could  simply  be  an 
intermediary  species  that  does  initially  appear  and  then  is  con¬ 
sumed  at  a  more  advanced  stage  of  the  degradation  process. 
To  test  this  hypothesis,  a  similar  cell  was  cycled  at  55  °C  and 
then  stopped  when  an  accumulated  discharge  capacity  of  only 
55  mAh  was  reached.  The  separator  was  recovered,  washed  with 
acetonitrile  and  the  supernatant  was  analyzed  by  high  resolution 
mass  spectrometry  (Fig.  3).  Not  only  was  the  dialkyl  dicarbonate 
1 1  [M  +  Li]+  mlz  1 85,0637  identified  but  so  were  some  oligomers 
of  the  ln  and  4n  series  suggesting  that  there  is  a  link  between 
the  li  compound  and  the  other  evidenced  PEO  series. 

Ogumi  and  co-workers  [17]  suggested  a  reaction  mecha¬ 
nism  for  the  formation  of  the  \\  compound  (e.g.,  DMDOHC) 
by  considering  the  three  possible  attacks  of  lithium  alkoxide 
on  a  carbonate  function  (as  shown  below).  Among  them  are 
two  attacks  on  Ci  carbon  with  folding  back  of  either  the  dou¬ 
blet  on  the  oxygen  of  the  methoxy  function  to  reform  MeOLi 
(“ a”  attack;  solid  arrow)  or  the  doublet  on  the  oxygen  of  the 
ether  function  to  form  new  lithium  alkoxide  (“b”  attack,  dashed 
arrow),  and  a  third  one  on  the  C2  carbon  with  folding  back  of 
the  doublet  on  the  oxygen  of  the  ether  function  to  form  lithium 
methyl  carbonate  (“c”  attack). 


Possible  attacks  of  lithium  alkoxide  on  a  carbonate  function 


160  180  200  220  240  260  280  300  320  340 


Fig.  3.  ESI-HRMS  spectrum  of  the  degradation  products  recovered  from  the  cell  separator  after  cycling  at  55  °C  up  to  a  total  accumulated  discharge  capacity  of 
55  mAh. 
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Fig.  4.  Reaction  scheme  for  series  ln-3n  formation. 


Based  on  these  considerations,  they  suggested  the  “a”  and  “b” 
attacks,  which  are  identical  in  the  case  of  symmetric  carbonate 
molecules  such  as  EC,  as  being  the  most  likely  to  explain  the 
formation  of  the  DMDOHC  as  shown  below. 


weeks,  and  1  month)  at  55  °C  under  argon,  and  the  degradation 
products  formation  kinetics  were  followed  by  high  resolution 
mass  spectrometry. 
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Generalizing  these  three  different  attack  modes  to  non- 
symmetric  carbonate  molecules  gives  us  the  clue  to  suggest 
reaction  mechanism  paths  (Fig.  4)  for  the  formation  of  the  ln,  2n 
and  3n  series  involving  the  reactivity  of  the  1 1  compound  in  the 
presence  of  MeOLi.  First,  an  “a”  attack  of  MeOFi  leads  to  the 
formation  of  the  intermediary  A  salt;  it  could  then  react  via  a  “c” 
attack  with  1 1  molecules  to  lengthen  the  PEO  chain,  and  to  give 
the  I2  molecule  with  the  possibility  for  this  reaction  to  proceed  to 
form  the  \n  series.  Afterwards,  once  the  \n  molecules  have  been 
formed,  they  can  give  birth,  by  MeOFi  “c”  attacks,  to  the  2n  and 
then  3n  series.  Finally,  it  seems  that  all  PEO  oligomers  result 
from  chemical  reactions  initiated  by  electrochemical  decom¬ 
position  of  the  linear  carbonate  DMC  into  lithium  methoxide. 
Therefore,  the  chemical  reactivity  of  MeOFi,  electrochemically 
formed  upon  reduction  at  low  potential  in  Fi-half-cells,  has  been 
up  to  now  underestimated  in  literature. 

On  the  basis  of  this  conjuncture,  and  to  experimentally  sup¬ 
port  the  aforementioned  chronological  mechanism  established 
for  the  formation  of  the  ln ,  2W,  3n  oligomers,  we  have  under¬ 
taken  a  chemical  simulation  study  of  the  MeOFi  reactivity 
in  the  presence  of  electrolyte.  An  EC/DMC  (1/1  w/w)-FiPF6 
(1  M)  electrolyte  mixture  was  stored  at  55  °C  in  the  presence  of 
commercial  MeOFi.  For  the  sake  of  completion,  two  different 
MeOFi  concentrations,  one  low  (10-2molF-1)  and  one  high 
(1  M),  were  introduced  into  the  electrolyte  solution.  Both  solu¬ 
tions  were  kept  for  various  lengths  of  time  (1  day,  3  days,  2 


3.1.  Storage  tests  for  low  MeOLi  concentrations 
(10~2  mol  LT1) 

The  ESI-MS  spectra  resulting  from  the  stored  samples  are 
represented  in  Fig.  5.  Note  that  the  1 -month  spectrum  is  not 
shown,  as  it  is  similar  to  that  obtained  after  2  weeks.  The 
overall  degradation  products,  accurate  masses  as  well  as  their 
corresponding  structural  formula  are  reported  in  Table  2.  As 
several  compounds  display  very  close  masses,  the  high  resolu¬ 
tion  was  required  to  separate  the  isobaric  ions  and  to  their  mass 
measurements.  Fig.  6  clearly  illustrates  this  experimental  mass 
separation  on  the  71/I3  compounds. 

After  1  day,  the  1 1  compound  is  identified,  corroborating  the 
notion  that  it  is  the  first  compound  to  form  chemically.  Upon 
increase  of  the  reaction  time,  the  peaks  corresponding  to  the 
various  members  of  the  \n  series  show  a  progressive  increase  of 
the  number  of  ethylene  oxide  units:  I2  ( mlz  229);  I3  ( mlz  273); 
I4  ( mlz  317);  I5  ( mlz  361),  came  up.  It  is  therefore  worth  men¬ 
tioning  that  we  could  not  monitor  the  1 1  compound  consumption 
throughout  the  experiment;  this  is  due  to  an  inherent  limitation  of 
the  technique  that  always  attributes  the  100%  intensity  mass  sig¬ 
nal  to  the  most  intense  peak.  As  the  1 1  compound  peak  turns  out 
to  always  be  the  highest  one,  whatever  the  experiment  duration 
time,  it  always  appears  as  100%. 
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Fig.  5.  ESI-HRMS  spectra  of  EC/DMC  (1/1  w/w)-LiPF6  salt  (1  M)  solution  with  MeOLi  (10  2  mol  L  1)  stored  at  55  °C  for  (a)  1  day,  (b)  3  days  and  (c)  2  weeks. 


In  parallel  to  the  \n  series,  the  3 -day  and  2- week  storage 
spectrum  evidenced  the  presence  of  trimethyl  phosphate  (TMP), 
PEO  units  with  phosphate/carbonate  ending  groups  (termed  P) 
and  ethylene  carbonate  chains  (denoted  series  ln).  This  series 
was  never  observed  before  in  electrolytes  recovered  from  elec¬ 
trochemical  cells,  even  after  long  cycling  times  at  55  °C.  Such 
a  difference  could  be  nested  in  the  electrolyte  concentration 
difference  between  the  electrochemical  (1  M)  and  chemical 
(10-2  molL-1)  tests.  To  account  for  the  formation  mechanism 
of  this  newly  ln  series,  we  went  back  to  the  early  stage  of 
our  general  mechanism  scheme  and  simply  considered  that  the 
intermediary  A  molecule  could  initially  react  with  1 1  via  a  nucle¬ 
ophilic  “a”  attack,  and  not  a  “c”  attack  as  for  the  \n  formation. 
Via  this  different  path  we  can  easily  explain  the  formation  of 


m/z 


Fig.  6.  Enlargement  of  high-resolution  peaks  mlz  273  (1\  and  I3). 

the  1\  compound.  Thereafter,  the  lengthening  of  the  ethylene 
carbonate  chain  involves  two  successive  steps  (Fig.  7);  a  “b” 
attack  of  the  7 1  product  by  MeOLi  to  form  the  intermediary  B 
molecule,  which  subsequently  reacts  with  1 1  by  an  “a”  attack. 


Table  2 

Degradation  products  formed  in  EC/DMC  (1/1  w/w)-LiPF6  salt  (1  M)  solution  with  MeOLi  (10-2  molL-1)  after  2-week  storage  at  55  °C 


Series 

n 

mlz 

Experimental  mass 

Calculated  mass 

Formula 

0 

1 

185 

185.0637 

185.0637 

C6Hio06Li 

2 

3 

229 

273 

229.0897 

273.1176 

229.0900 

273.1162 

CgHi407Li 

CioHigOgLi 

0 

4 

317 

317.1425 

317.1424 

Ci2H2209Li 

Series  In 

1 

5 

361 

361.1685 

361.1686 

Ci4H260ioLi 

0 

1 

273 

273.0792 

273.0798 

C9FIi409Li 

/°Y0V^0 

■V-Y' 

2 

361 

361.0963 

361.0958 

C^HigO^Li 

0 

0 

Series  7n 

0 

11 

147 

147.0397 

147.0399 

C3H904PLi 

°\  IMP 

0 

11 

-0T-0— c 

/ 

0 

235 

235.0564 

235.0559 

C6Hi30vPLi 

p 
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Fig.  8.  Reaction  scheme  for  trifluored  phosphate  formation. 


This  reaction  can  proceed  n  times,  to  form  series  ln.  Interest¬ 
ingly,  these  reactions  consume  and  regenerate  the  main  reactant 
MeOLi,  which  is  then  catalytic.  As  far  as  the  phosphate  for¬ 
mation  is  concerned,  Radvel  et  al.  [23]  stipulated  that  LiPF6  in 
the  presence  of  lithium  alkoxide  forms  a  first  phosphory  triflu¬ 
oride  (Fig.  8).  POF3  then  reacts  with  more  lithium  methoxide 
molecules  or  with  one  intermediary  molecule  (A)  to  form  TMP 
or  POE  oligomers  with  phosphate  end  groups  P  (Fig.  9).  Note 
that  this  last  reaction  implies  the  imperative  presence  of  the 
intermediary  A  molecule.  This  molecule,  which  has  been  previ¬ 
ously  envisioned  during  the  1 1  product  formation  mechanism, 
has  unfortunately  not  been  characterized  yet,  owing  to  its  very 
low  steady- state  concentration. 

3.2.  Storage  tests  for  high  MeOLi  concentrations  (1 M) 

The  ESI-HRMS  spectra  obtained  for  the  stored  samples  are 
represented  in  Fig.  10.  Table  3  gives  the  accurate  masses  of  the 
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Fig.  9.  Reaction  scheme  for  phosphate  TMP  and  P  formation. 


observed  degradation  products.  The  spectrum  after  1  day  clearly 
evidences  the  ln  series  compounds  first.  Upon  increasing  the 
reaction  time  at  55  °C,  the  ESI-HRMS  peaks  corresponding  to 
the  longer  PEO  chains  grow  at  the  expense  of  the  shorter  ones. 
Strikingly,  it  should  be  noted  that  the  peak  corresponding  to  the 
1 1  compound  (m/z  185)  vanishes,  while  the  peaks  corresponding 
to  the  2n  and  3n  series  appears  which  become  more  prominent 
after  2- week  storage.  This  drastically  contrasts  with  the  low 
MeOLi  concentration  storage  results  as  the  1 1  compound  was 
always  present,  and  there  has  been  no  evidence  of  the  2n  and  3n 
series.  This  implies  the  need  for  a  large  MeOLi  concentration  for 
the  formation  of  these  two  series;  this  is  also  consistent  with  their 
detection  in  electrolytes  recovered  from  Li/CBO  cells  cycled  at 
55  °C  for  long  times  (e.g.,  cumulated  capacity  of  250  mAh;  see 
Fig.  1)  that  is  to  say  having  large  amounts  of  MeOLi.  Again  the 
chronological  appearance  (e.g.,  ln ,  then  2n  and  3n  series)  is  quite 
coherent  with  our  proposed  general  mechanism.  Following  this 
sequence,  it  should  therefore  be  noted  that  only  a  small  amount 
of  series  4n  and  5n  corresponding  to  POE  chains  with  hydroxyl 
endings  were  detected. 

Overall,  our  chemical  simulation  approach  of  the  MeOLi- 
electrolyte  reactivity  has  highlighted  a  strong  effect  of  the 
MeOLi  concentration  on  the  nature  of  the  detected  degradation 
products.  A  low  concentration  of  MeOLi  (10-2  mol  L-1)  stored 
at  55  °C  in  the  presence  of  EC/DMC  (1/1  w/w)-LiPF6  (1 M) 
electrolyte  mainly  leads  to  the  formation  of  the  \n  series.  When 
increasing  the  MeOLi  concentration  (1  M),  the  formation  of  the 
\n  series  was  followed  by  that  of  2n  and  then  3n  series  with  a 
more  rapid  evolution  of  the  degradation  products  (as  expected  for 
high  MeOLi  contents).  As  far  as  this  low  concentration  solution 
is  concerned,  it  was  also  noted  that  there  was  no  longer  an  evo¬ 
lution  of  the  degradation  after  2  weeks,  which  seems  to  indicate 
that  MeOLi  was  completely  consumed,  hence  confirming  the 
key  role  of  the  MeOLi  initiator  into  the  electrolyte  degradation 
(Fig.  11). 

According  to  the  proposed  mechanism,  each  ln,  2n  and  3n 
oligomers  series  would  result  from  an  attack  of  this  initiator  on 
the  intermediate  \\  (path  1)  and  not  from  a  reaction  between 
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Fig.  10.  ESI-HRMS  spectra  of  the  EC/DMC  (1/1  w/w)-LiPF6  salt  (1  M)  solution  with  MeOLi  1  M  stored  at  55  °C  for  (a)  1  day,  (b)  3  days  and  (c)  2  weeks. 


EC/DMC-LiPF6  and  MeOLi  (path  2)  as  proved  next. 

Path  1 

EC/DMC-LiPF6  +  MeOLi  - ►  1,  - ►  1n - -  2n- 


3.3.  Evolution  upon  storage  of  the  lj  compound  in  the 
presence  of  MeOLi  (1 M) 

To  confirm  our  reaction  hypothesis  for  path  1 ,  another  chem¬ 
ical  test  was  carried  out;  it  consists  of  adding  MeOLi  (1M) 
directly  to  the  commercial  1 1  compound  and  then  leaving  the 
solution  to  rest  at  55  °C  for  several  days.  The  formation  of  the 


Table  3 

Degradation  products  formed  after  2  weeks  at  55  °C,  in  a  solution  of  EC/DMC  (1/1  w/w)-LiPF6  salt  (1  M)  with  MeOLi  (1  M) 


Series 

n 

m/z 

Experimental  mass 

Calculated  mass 

Formula 

3 

171 

171.1195 

171.1209 

CvHi604Li 

Serie  5n 

/V^ofnH 

2 

141 

141.1104 

141.1103 

C6Hi403Li 

3 

185 

185.1347 

185.1365 

C8Hig04Li 

Serie  5n 

-°mH 

2 

3 

185 

229 

185.1001 

229.1259 

185.1001 

229.1263 

CvH^OsLi 

CgHigOeLi 

o  n 

4 

273 

273.1528 

273.1526 

CnH2207Li 

Serie  4n 

5 

317 

317.1776 

317.1788 

Ci3H260gLi 

0 

3 

4 

215 

259 

215.1125 

259.1369 

215.1107 

259.1369 

CgHi606Li 

CioFhoOvLi 

Serie  4n 

O 

1 

185 

185.0637 

185.0637 

C6Hio06Li 

2 

3 

229 

273 

229.0897 

273.1162 

229.0900 

273.1162 

CgH^OvLi 

CioHigOgLi 

0 

4 

317 

317.1425 

317.1424 

Ci2H2209Li 

Series  In 

5 

361 

361.1685 

361.1686 

Ci4H260ioLi 

O 

1 

273 

273.0801 

273.0798 

C9Hi409Li 

/°Y°'C^(Ao)'^0y0'' 

2 

361 

361.0960 

361.0958 

CnHigOnLi 

O  0 

Series  7n 
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Fig.  11.  ESI-HRMS  spectra  of  EC/DMC  (1/1  w/w)-LiPF6  salt  (1  M)  solution  with  (a)  10  2  mol  L  1  of  MeOLi  after  2-week  storage;  (b)  1  M  of  MeOLi  after  3-day 
storage. 


ln ,  2n,  3W,  4n,  5W,  and  6n  series  was  confirmed  by  mass  spec¬ 
trometry  after  only  6  days  of  storage  (Fig.  12)  implying  that  the 
series  originated  from  the  1 1  compound,  that  is  the  first  degra¬ 
dation  product  found  to  be  formed  in  Li/CBO  upon  discharge 
down  to  0  V. 

Besides,  the  ESI-HRMS  spectra  of  solutions  recovered  after 
only  6  days  of  storage  at  55  °C  show  peaks  corresponding  to 
POE  chains  with  hydroxy  endings  (m/z  157,  201,  245,  289  for 
the  series  6n  and  mlz  171,  215,  259  for  the  series  4n  and  5n). 
These  peaks  were  therefore  more  intense  than  those  detected 
when  MeOLi  (1  M)  was  stored,  even  for  longer  times,  in  the 
electrolyte  at  55  °C.  Our  belief  is  that  the  formation  of  these 
hydroxyl  PEO-ending  groups  arises  from  the  hydrolysis  of  the 
carbonates  functions.  This  is  consistent  with  water  concentra¬ 
tion  analysis,  as  deduced  by  Karl  Fisher  titration,  of  1000  ppm 
for  commercial  1  \  solution  as  compared  to  only  40  ppm  in  our 


EC/DMC  (1/1  w/w)-LiPF6  (1  M)  electrolyte.  It  should  there¬ 
fore  be  noted  that,  after  12  days  of  storage,  the  peaks  relative 
to  the  series  4W>  5W,  and  6n  almost  disappear.  Caution  has  to 
be  exercised  in  interpreting  such  disappearance  that  we  believe 
to  be  simply  the  result  of  two  simultaneous  reactions  involv¬ 
ing  the  nucleophilic  attack  of  the  alkyl  carbonate  function  by 
MeOLi  or  its  hydrolysis.  The  hydrolysis  being  limited  by  the 
water  still  present,  the  peaks  corresponding  to  the  series  4n?  5W, 
and  having  at  least  one  OH-ending  group  are  expected  to 
grow  until  1000  ppm  water  present  in  commercial  \\  solution 
has  been  consumed.  Afterwards,  with  longer  storage  time,  the 
intensity  of  these  OH-ended  capped  peaks  will  not  change,  while 
those  corresponding  to  the  other  series  will  continue  to  grow  and 
finally  fully  mask  those  of  the  4n?  5n,  and  6n  series. 

We  highlighted  the  importance  of  MeOLi  in  triggering  elec¬ 
trolyte  degradation  reactions  leading  to  various  PEO-based 


Fig.  12.  ESI-HRMS  spectra  of  li  solution  with  MeOLi  (1  M)  stored  at  55  °C  for  (a)  6  days;  (b)  12  days;  ()*  cluster  [compound +  Na]+. 
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Fig.  13.  Reaction  scheme  for  the  methyl  carbonate  formation. 


oligomers.  However,  at  this  point  a  legitimate  question  regards 
the  presence  of  copious  amounts  of  inorganic  species,  namely 
CH30CC>2Li,  trapped  together  with  the  PEO-based  oligomers 
within  the  glass-fiber  separator  recovered  from  long-term  cycled 
Li/CBO  cells  [18,24].  We  should  also  recall  that  the  formation 
of  lithium  alkyl  carbonates  has  so  far  been  reported  as  resulting 
from  the  electrochemical  reduction  of  the  corresponding  linear 
carbonated  solvent.  Accordingly,  this  implies  that  its  formation 
should  occur  at  the  electrode  surface  consistent  with  previous 
reports  stating  that  such  alkyl  carbonate  was  a  main  component 
of  the  SEI  layer  forming  at  the  surface  of  the  electrode.  How¬ 
ever,  this  purely  electrochemical  pathway  fails  to  account  for  the 
presence  of  CH30C02Li  far  apart  from  the  electrode  surface, 
suggesting  that  its  formation  might  not  have  a  solely  electro¬ 
chemical  origin.  From  the  reaction  mechanism  proposed  for  the 
formation  of  PEO-based  oligomers,  it  seems  quite  conceivable, 
according  to  reaction  mechanisms  detailed  in  Fig.  13  and  enlist¬ 
ing  the  lengthening  of  the  series  \n  together  with  the  formation 
of  the  series  2n  and  3W,  that  lithium  alkyl-carbonate  can  also 
form  chemically. 

3.4.  Chemical  formation  of  CHs0C02Li 

The  best  way  of  probing  this  chemical  path  was  to  further 
exploit  our  previously  presented  chemical  approach;  besides 
leading  to  the  formation  of  the  PEO  series  it  has  revealed  at 
the  surface  of  the  MeOLi  saturated  electrolyte  solution,  a  white 
fluffy  gel  that  can  be  precipitated  in  the  presence  of  acetoni¬ 
trile.  After  several  washings  with  this  solvent,  a  white  powder 
was  recovered  and  analyzed  by  IR  and  NMR.  By  comparing 


the  collected  IR  spectrum  with  the  IR  signatures  of  pure  salts 
that  we  had  synthesized  in  house,  we  could  deduce  the  pres¬ 
ence  of  CH30C02Li  (Fig.  14)  in  the  recovered  white  powder. 
Such  assignment  was  further  confirmed  by  both  XH  NMR  and 
13  C  NMR  analyses  with  namely  the  appearance  of  a  signal  at 
3.21  ppm  for  the  XH  NMR  and  of  two  signals  at  49.18  and 
161.89 ppm  for  the  13C  characteristics  of  CT^OCC^Li  [19]. 
Furthermore,  based  on  *H  NMR  signal  intensity,  we  deduced 
that  CH30C02Li  was  the  main  constituent  of  the  powdery 
product.  We  did  not  attempt  to  identify  the  other  minor  prod- 
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uct(s)  as  its  NMR  signature  was  too  weak.  Altogether  this 
experiment  provides  convincing  evidences  for  the  concomitant 
chemical  formation  of  CHsOCC^Li  and  PEO-based  oligomers 
when  an  EC/DMC  (1/1  w/w)-LiPF6  salt  (1M)  electrolyte  mix¬ 
ture  is  stored  in  the  presence  of  MeOLi  at  55  °C.  As  the  MeOLi 
can  be  electrochemically  generated,  the  surprising  large  amount 
of  CH30C02Li  detected  in  the  separator  and  recovered  from 
long-term  cycled  Li/CBO  cells,  is  no  longer  a  surprise.  Indeed, 
according  to  our  proposed  mechanism,  CE^OCC^Li  generated 
from  an  electrochemical  reduction  of  DMC,  is  continuously  con¬ 
sumed  via  a  second  electrochemical  reduction  step;  this  leads  to 
the  formation  of  MeOLi  that,  once  in  contact  with  the  electrolyte, 
will  chemically  react  via  a  nucleophilic  attack  of  the  carbonate 
function  leading  to  the  ln ,  2n  3n  series  and  an  accumulation  of 
the  alky-carbonate  salt  (Fig.  13).  As  this  salt  is  weakly  solu¬ 
ble  in  carbonated  electrolytes,  it  will  accumulate  within  the  cell 
separator  causing  it  to  dry-up  with  the  end  result  being  a  deterio¬ 
ration  of  the  extended  cell-cycling  performance,  consistent  with 
our  observations. 

3.5.  Generalization  to  other  cyclic/linear  carbonate-based 
electrolyte 

Having  established  a  solid  and  meaningful  mechanism 
related  to  the  degradation  of  the  EC/DMC-LiPF6  electrolyte, 
we  checked  whether  it  could  be  applied  to  other  carbonates 
electrolyte  mixtures.  We  first  changed  the  nature  of  the  cyclic 
carbonate  (e.g.,  using  PC  instead  of  EC).  Similar  high  resolution 
mass  spectrometry  investigations  were  performed  on  (1)  solu¬ 
tions  resulting  from  55  °C  storage  of  MeOLi  in  the  presence  of 
PC-based  electrolyte  and  (2)  separators  recovered  from  Li/CBO 
cells  cycled  for  a  long  time  and  using  PC/DMC  (1/1  w/w)-LiPF6 
salt  (1 M)  electrolytes.  In  both  cases  we  could  deduce,  in  agree¬ 
ment  with  our  earlier  study  [2],  the  presence  of  polypropylene 
glycol  (PPG)  chains  having  ending  groups  similar  to  those  pre¬ 
viously  detected  with  the  EC -based  electrolyte.  This  implies 
that  our  proposed  global  electrolyte  decomposition  mechanism 
holds  regardless  of  whether  we  use  either  EC  or  PC  as  cyclic 
carbonate. 

Next,  as  DMC  was  shown,  through  its  electrochemical 
reduction,  to  initiate  the  polymerization  process,  it  was  inter¬ 
esting  to  evaluate  the  difference  brought  by  the  substitution  of 
DMC  for  DEC  when  cycled  in  somewhat  similar  conditions. 


Fig.  15.  Mass  spectrum  obtained  with  EC/DEC  (1/1  w/w)-LiPF6  salt  (1  M) 
electrolyte  after  a  “long-term  cycling”  (total  accumulated  discharge  capacity 
of  140 mAh)  at  55  °C. 

To  carry  out  this  study,  Li/CBO  half-cells  using  an  EC/DEC 
(1/1  w/w)-LiPF6  salt  (1 M)  electrolyte  were  cycled  at  55  °C  for 
more  than  200  cycles,  and  stopped  when  their  cumulated  dis¬ 
charge  capacity  reached  140  mAh.  Afterwards,  the  cells  were 
disassembled  in  a  dry  box,  and  the  recovered  separator  was 
washed  with  acetonitrile.  The  supernatant  was  analyzed  by  high 
resolution  mass  spectrometry  (Fig.  15).  The  collected  spectra 
show  numerous  signals,  implying  the  existence  of  numerous 
degradation  products  whose  accurate  masses  and  correspond¬ 
ing  structural  formula  are  reported  in  Table  4.  This  analysis 
confirms  the  formation  of  the  \'n  and  2'n  series,  which  differ 
from  the  \n  and  2n  series  previously  encountered  with  DMC- 
based  electrolyte  by  having  now  an  ethyl  rather  than  a  methyl 
termination  group;  the  latter  2rn  series  being  the  less  predomi¬ 
nant  as  the  intensity  of  its  peaks  is  much  weaker  than  that  of 
isobaric  peaks  corresponding  to  the  \'n  series  (inset  Fig.  15). 
Interestingly,  the  first  member  of  our  \'n  series  (1^)  is  the  diethyl 
2,5-dioxahexane  dicarboxylate  molecule  (termed  as  DEDOHC), 
whose  formation  was  suggested  by  Ogumi  and  co-workers  [17] 
via  a  mechanism  similar  to  that  used  by  this  team  for  the  growth 
of  the  li  molecule  (e.g.,  DMDOHC).  From  further  analysis 
of  the  ESI-HRMS  spectra,  we  should  note  that  the  number 
of  POE  oligomers  is  greater  for  the  \'n  series  (?i  =  1-5)  than 
for  the  2rn  series  (n  =  2,  3)  suggesting  its  earlier  formation. 


Table  4 

Degradation  products  present  after  a  “long-term  cycling”  (140  mAh)  in  the  cell  using  EC/DEC  (1/1  w/w)-LiPF6  salt  (1  M)  electrolyte  at  55  °C 


Series 


O 


Series  2’n 


Series  l’n 


n 

m/z 

Experimental  mass 

Calculated  mass 

Formula 

2 

213 

213.1314 

213.1314 

CQHigOsLi 

3 

257 

257.1553 

257.1576 

CnH2206Li 

1 

213 

213.0947 

213.0950 

CgHi406Li 

2 

257 

257.1215 

257.1213 

CioHigOvLi 

3 

301 

301.1477 

301.1475 

Ci2H220gLi 

4 

345 

345.1733 

345.1737 

Ci4H2609Li 

5 

389 

389.1990 

389.1999 

C16H30O10L 
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Fig.  16.  Global  scheme  of  electrochemical/chemical  low-potential  degradation  processes  described  for  EC/DMC  (1/1  w/w)-LiPF6  salt  (1  M)  electrolyte. 


Besides,  it  is  worth  mentioning  that  the  degradation  reaction 
is  not  as  advanced  as  expected  for  such  140mAh-cycled  cell, 
but  rather  comparable  with  the  degradation  stage  of  a  55  °C- 
cycled  cell,  using  EC/DMC  (1/1  w/w)-LiPF6  (1M)  electrolyte, 
and  having  a  discharge  cumulated  capacity  of  solely  55  mAh. 
It  can  then  be  concluded  that  the  substitution  of  DMC  for 
DEC  appreciably  slows  down  the  degradation  process  upon 
cycling.  The  explanation  may  lie  in  the  formation  and  the  reac¬ 
tivity  of  EtOLi,  which  could  be  different  from  that  of  MeOLi. 
Chemical  simulations  tests  are  being  performed  to  confirm  our 
hypothesis. 

4.  Conclusions 

We  have  revisited  the  low-potential  degradation  mechanisms 
of  carbonate-based  electrolytes  in  Li-based  batteries.  On  the 
basis  of  chemical  simulation  tests  followed  by  thorough  ESI- 
HRMS,  IR,  and  NMR  analytical  studies,  we  have  put  forward 
a  novel  global  reaction  mechanism  path  (Fig.  16).  This  mech¬ 
anism  successively  accounts  for  the  electrochemical  reduction 
of  DMC  and  the  multi-step  chemical  reaction  of  the  resulting 
MeOLi  with  the  electrolyte.  The  latter  enables  to  account  for 
both  the  chronological  appearance  of  the  different  ln,  2n  and  3n 
POE  oligomers  series  and  the  presence  of  CH30C02Li  salt  in 
separators  recovered  from  Li/CBO  cells  cycled  at  55  °C  for  a 
long  time.  This  is  the  first  time  that  the  chemical  formation  of 
such  a  salt,  known  to  form  electrochemically  under  reduction  in 


Li-cells,  was  predicted  and  unambiguously  confirmed  by  com¬ 
plementary  IR  and  NMR  measurements.  We  must  also  stress  that 
our  newly  established  electrolyte  degradation  mechanism  is  not 
specific  to  an  EC-DMC-based  electrolyte  as  it  was  successfully 
applied  to  account  for  the  degradation  products  formed  during 
the  long-term  cycling  of  Li/CBO  electrode;  this  was  done  by 
using  either  EC/DEC  (1/1  w/w)-LiPF6  salt  (1  M)  or  PC/DMC 
(1/1  w/w)-LiPF6  salt  (1  M)  instead  of  EC/DMC  electrolytes. 
Similarly,  on  the  basis  of  this  proposed  mechanism,  one  can 
easily  explain  why  the  presence  of  the  cyclic  (EC,  or  PC)  or  the 
acyclic  (DMC  or  DEC)  alone  does  not  lead  to  the  formation  of 
polymers.  The  reason  being  that  in  presence  of  a  cyclic  carbon¬ 
ate  one  cannot  have  the  formation  of  the  alkyl  carbonate  salt 
then  RO-,  Li+  necessary  to  trigger  the  degradation  mechanism; 
whereas  with  an  acyclic  one  we  can  never  trigger  the  forma¬ 
tion  of  the  intermediary  A  species  (Fig.  16)  the  reason  why  we 
solely  witnessed  the  formation  of  TMP  and  MeOLi  [2].  Impor¬ 
tantly,  it  should  be  added  that  the  proposed  mechanism  still  holds 
regardless  of  the  nature  of  the  electrolyte  salt,  except  for  the 
products  arising  from  LiPF6  breakdown,  the  type  of  conversion 
or  alloying  reactions  electrodes  that  we  have  been  experiment¬ 
ing,  as  it  will  be  reported  in  a  forthcoming  paper.  Overall, 
this  new  understanding  of  electrochemically/chemically-driven 
electrolyte  degradation  mechanisms  is  expected  to  have  a  strong 
impact  on  future  studies  trying  to  design  more  robust  carbonate- 
based  electrolyte  formulations,  a  necessary  requirement  for  the 
development  of  safer  Li-ion  batteries. 
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